INTRODUCTION {#SEC1}
============

Fragile X mental retardation protein (FMRP) is an RNA binding protein (RBP) encoded by the fragile X mental retardation 1 (*FMR1*) gene whose silencing causes the fragile X syndrome (FXS), the most common form of intellectual disability and a leading genetic cause of autism. FMRP is involved in different steps of RNA metabolism, ranging from nuclear export to transport of mRNA along neurites and translational control in the soma as well as at synapses ([@B1]). FMRP deficiency impacts the size of brain regions, synaptogenesis and alters the morphology of dendritic spines as well as some forms of synaptic plasticity ([@B2],[@B3]). To date, no specific and effective therapy is available for FXS. Current clinical approaches are focused on behavioral therapy and off-label medications that only mitigate a limited set of symptoms, such as hyperactivity, seizures or anxiety ([@B4]). Recent clinical trials based on antagonist of metabotropic glutamate Receptor 5 (mGlu5) and antagonist of GABA-B receptor were discontinued ([@B5],[@B6]). The understanding of the physiopathology of FXS and the development of a specific therapy are intimately linked to the understanding of FMRP function and then to the identification of FMRP mRNA targets. For this reason, the search for molecular interactors (proteins and mRNAs) of FMRP has been very active ([@B1]). By using high-throughput sequencing-crosslinking immunoprecipitation (HITS-CLIP) on mRNAs associated with polyribosomes in whole brains of 11--25 day-old mice, 842 mRNAs were identified as targets of FMRP, likely during their translation ([@B7]). A phospho-activatable ribonucleoside CLIP (PAR-CLIP) analysis was also performed in a non-neuronal cell line (HEK) co-expressing FMRP endogenously and its inducible flag-tagged form that was immunoprecipitated together with 6.000 mRNAs ([@B8]). More recently, a CLIP study using microarray performed in 8-day *in vitro* cultured neurons resulted in the identification of one predominant mRNA target of FMRP ([@B9]). Nevertheless, it is not clear if most of these targets have a critical role in the physiopathology of FXS and in which cells they interact with FMRP.

Here, we used HITS-CLIP to identify FMRP targets at an early mouse developmental stage \[postnatal day (PND) 13\], when FMRP is most highly expressed ([@B10],[@B11]) and synaptogenesis peaks ([@B12]). Our analysis resulted in the identification of the largest set of brain mRNA targets of FMRP to date. This allowed us to dissect the role of FMRP in different brain regions and cell types. On the basis of these findings we were able to identify a predominant motif bound by FMRP in brain and a prominent mRNA target that is a promising druggable pathway for this disorder.

MATERIALS AND METHODS {#SEC2}
=====================

HITS-CLIP (high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation) {#SEC2-1}
------------------------------------------------------------------------------------------

The protocol was optimized following previously described published methods ([@B13]). Briefly, to isolate mRNAs associated with FMRP *in vivo*, UV-crosslinking and immunoprecipitations were performed on 100 mg of tissues grinded in liquid nitrogen. Powders were spread onto 60 mm dishes floating onto liquid nitrogen. RNAs and protein were crosslinked through three rounds of 254 nm UV irradiation (400 mJ each). IP was carried out as described previously with minor modifications ([@B13]). Crosslinked material was lysed in NP40 buffer \[50 mM Hepes pH 7.6, 150 mM NaCl, 0.5% NP40, 1 mM NaF, 0.5 mM Dithiothreitol (DTT), proteases/phosphatases inhibitors (pierce), RNaseOut (1:1000)\] as described in Spitzer *et al.* ([@B15]). Debris were removed by centrifugation (10 min, 20 000 *g*, 4°C) and supernatants were incubated with RNaseI (0.01 u/μl; Ambion) for 15 min at 22°C. RNase digestion was stopped by the addition of SUPERase In RNAse inhibitor (0.2 u/μl). For each assay, 15 μl of Rb11 polyclonal anti-FMRP antibody were bound to 50 μl of protein A dynabeads (Invitrogen) for each mg of protein lysate in the input. Salt concentration in the lysates was adjusted to 400 mM for 5 min then brought back to 150 mM. IP was carried out at 4°C for 4 h and ∼2% of the input lysate and 10% of the immunoprecipitated material were saved for western blot analysis to check IP quality. Beads were washed once in NP40 buffer, washed once in high salt buffer (50 mM Hepes pH 7.6, 0,1% sodium dodecyl sulphate, 1 M NaCl, 1 mM ethylenediaminetetraacetic acid, 1% NP40) then twice again in NP40 buffer. Co-precipitated RNAs were dephosphorylated in PNK buffer (50 mM Tris pH 8, 100 mM NaCl, 10 mM MgCl~2~, 1 mM DTT) without ATP, then DTT was adjusted to 5mM and RNAs were labeled with gamma-^32^P-ATP and T4 Polynucleotide Kinase (PNK) (NEB). Beads were washed 5 times in PNK buffer without DTT complemented with 0.2% Tween 20. IP materials were resuspended in LDS (Invitrogen), heat-denatured for 10 min at 70°C and separated on NuPage 4--12% gel, run in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer. Ribonucleoprotein complex were transferred to nitrocellulose membrane with NuPage neutral transfer buffer (Invitrogen), washed with RNAse free water (Ambion) and exposed to phosphorimager screens over night at −20°C. The area containing the specific radioactive signal corresponding to FMRP ribonucleoprotein complexes (100 to 130 kDa) was cut out of the membrane, sliced and digested with proteinase K (1 mg/ml) for 30 min at 56°C (Ambion) then urea concentration was adjusted to 3 M and the samples were further incubated for 10 min at 56°C ([@B16]). After purificarion, RNAs were cloned with the CleanTag Ligation Kit for Small RNA Library Prep (Trilink; adapter diluted ^1^/~4~) according to the manufacturer's instructions, reverse transcribed with superscript II (Invitrogen) and amplified through 16--20 cycles of polymerase chain reaction (PCR) (NEB next).

CLIP sequencing {#SEC2-2}
---------------

CLIP samples have been sequenced on Ion torrent Proton and SOLiD WildFire. Due to the RNase digestion, fragments should fit the FMRP footprint and may contain adapter sequences at the 3′ end of the reads. Using cutapdapt (v1.2.1), reads were trimmed for the 5′ adapter sequence present due to the Proton library construction protocol used (--front = TTCTACAGTCCGACGATC). Cutadapt was also used to trim for potential 3′ adapter sequence (--adapter = TGGAATTCTCGGGTGCCAAGG, for Proton and --adapter = 33020103 for SOLiD reads). Trimmed reads with a length under 20 nt were discarded from further analysis to avoid ambiguous mapping. Remaining reads were aligned with bowtie (version 0.12.7) directly to refseq transcriptome (release 20161019) with '--best --strata --norc'. Custom Java class, based on Picard Java API, was used to discard reads mapping to more than one unique gene. Alignment files were filtered to discard PCR duplicates by keeping only one read per alignment start position taking into account possible stretch of soft clipped bases at the start of the reads. Resulting reads are called fragments and represent the total signal of CLIP experiments aiming at the detection of the FMRP binding sites. The CLIP signal per sample is presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Results of the various filtering steps are presented in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Peak calling and motif detection {#SEC2-3}
--------------------------------

FMRP binding sites were identified with Pyicoclip from Pyicoteo Tools Suite ([@B17]), that was applied independently for all the samples. Bam files with no multi gene hit reads filtered for PCR duplicates were converted to Bed file with bedtools2 BamToBed and then provided to pyicoclip for peak calling on the whole mouse transcriptome described in refseq (release 19 October 2016). We started from the unfiltered list of peaks detected by pyicoclip, processed the file to filter peaks with \<2 fragments counts and removed the peaks present in mir, RNU, Sno Rny, mitochondrial and riken sequences. Given the large amount of splice variants described in refseq for each gene we generated a method to remove peaks called in different splice variants of the same gene and identifying the same genomic region using a custom perl script. We finally called a total of 18.124 peaks across all samples. We gathered all peaks in a unique file and removed peaks identifying the same genomic region with the same custom perl script previously used. We finally identified a total of 18.124 peaks (8962, 5082, 4080 peaks for CB, HC and CX, respectively) that we used to feed to the motif detection software DREME (Meme release 4.10.1) using '--norc --m 5' parameter in order to identify enriched motifs within our sets of peaks. Genebank annotations were used to annotate the coding sequence (cds) and the untranslated regions for each mRNA to map G-4 regions and FMRP binding sites.

Motifs fold analysis {#SEC2-4}
--------------------

*In vivo* DMS-mediated RT stop scores were computed as previously described ([@B18]) for each base of transcripts. We then mapped the 14.376 peaks (FMRP binding sites) and computed unpairing scores for motifs contained in FMRP binding sites or for the same motif in the same transcript outside of an FMRP binding site. Only transcripts for which we detected 100% base coverage for all motifs in a given transcript in the DMS_vitro_95C condition were processed for folding analysis in the three replicates of mESC_DMS_vivo conditions.

Codon analysis {#SEC2-5}
--------------

Codon composition of FMRP binding site in the cds regions was analyzed according to the following formula PauseScore = (Reads~codon/orf~/Reads~ORF)~/(Nbr ~codon/ORF~/Length~ORF~). In which Reads~codon/orf~ = number of reads covering a given codon for a given ORF, Reads~ORF\ =~ number of reads covering the ORF, Nbr ~codon/ORF~: number of a given codon in a given ORF and Length~ORF~: the length of the ORF.

G-quadruplex (G-4) mapping {#SEC2-6}
--------------------------

Presence of a G-4 structure in the various RNAs was assessed by reverse transcriptase-mediated primer extension based on a previously described protocol ([@B19]) with some modifications. The DNA sequence of interest was PCR amplified and subcloned into pGEM-T easy vector. The insertion was verified by sequencing and the sequence of interest was PCR amplified with the following primers (T7invitroT; 5′-GACTGACTTAATACGACTCACTATAGGG-3′; M13Rev; 5′- CACACAGGAAACAGCTATGAC -3′). Electropherograms were generated and analyzed with the QuShape software ([@B20]).

Single cell dataset analysis {#SEC2-7}
----------------------------

Mouse cortex and hippocampus single cell RNAseq data from Zeisel *et al.* ([@B21]) was downloaded from their website (<http://linnarssonlab.org/cortex/>) and analyzed using the R package Seurat. Raw RNA molecule counts (i.e. unique molecule identifier counts, UMI) were downloaded from <http://linnarssonlab.org/cortex/>. Count data were normalized to the median count, then log2 transformed. For each organ, among all FMRP targets identified, the most variable genes between all cell types were selected using a coefficient of variation cut-off of 0.7 and an average expression value \>0.2. This resulted in the selection of 74 FMRP target genes for hippocampus and 58 FMRP target genes for cortex. These genes were then used as input for unsupervised hierarchical analysis. Hierarchical clustering and heatmaps of gene expression were generated using the R package pheatmap. Selected genes were clustered using the Ward.D clustering method and the Pearson correlation as distance. Cells were ordered by cell types using the level 1 classification provided with the original data. For each cell type, a list of genes differentially expressed was determined using the FindMarkers function from the R package Seurat, with parameters thresh.use = 1 and min.pct = 0.25. For each cell type, the 30 genes with highest *P*-values were used for enrichment analysis. Enrichment in FMRP targets by cell types was assessed using hypergeometric test. All *P*-values were adjusted for multiple testing using the Benjamini--Hochberg correction.

RT-qPCR {#SEC2-8}
-------

quantitative PCR (qPCR) was performed on a Light Cycler 480 (Roche) with MasterMix SYBRGreen (Roche) following the manufacturer\'s instructions and according to the MIQE guidelines ([@B22]). Primer sequences are reported in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

Synaptosomes purification {#SEC2-9}
-------------------------

Synaptosomes fractions were prepared by centrifugation on sucrose density gradients. Mouse PND13 cortices were homogenized in sucrose buffer (0.32 M sucrose, 10 mM Tris--HCl, pH 7.4) in a 7× weight/volume ratio. The homogenates were centrifuged at 1000 g for 5 min at 4°C. The supernatants were brought to a final volume of 2 ml with sucrose buffer and carefully placed on sucrose-percoll 2--6--10--20% non-continuous density gradients. The gradients were ultracentrifuged at 18 000 rpm for 10 min at 4°C with slow brake, and the crude synaptosomal fractions, placed between 10 and 20% sucrose-percoll, were carefully recovered with a glass pipette pre-coated with sucrose buffer. The crude synaptosomal fractions were diluted to 10 ml with Hepes buffer (140 mM NaCl, 3 mM KCl, 1.2 mM MgSO~4~, 1.2 mM CaCl~2~, 1 mM NaH~2~PO~4~, 5 mM NaHCO~3~, 10 mM glucose, 5 mM Hepes, pH 7.4 at 37°C) and centrifuged at 10 000 *g* for 30 min at 4°C with full brake. The pellets were resuspended in NP40 lysis buffer (1 M Tris--HCl, 3 M NaCl, 12 mM MgCl2, 0,1 M DTT, 1% NP40), centrifuged full speed for 10 min at 4°C and then resuspended in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer.

Polyribosome fractionation {#SEC2-10}
--------------------------

Polyribosome fractionation was performed as described previously ([@B23]) on 20--50% (w/w) continuous sucrose gradients. Fractions were separated on a BR-188 Density Gradient Fractionation System (Brandel). Fold changes in *Tbp* and *Pde2a* mRNA levels were assessed by RT-qPCR and were calculated for individual fraction 8 to 14 according to the 2^−∂Cp^ formula for which ∂Cp is (Cp *gene~x~* KO fraction~n~ -- Cp *gene~x~* WT fraction~n~). Results from fractions 6 to 8 (Light), 9 to 11 (Medium) and 12--14 (Heavy) were pooled and analyzed together.

Protein extraction and western blot analysis {#SEC2-11}
--------------------------------------------

Immunoblot was performed as follows: cells or grinded tissues were homogenized in NP40 buffer, debris were removed by centrifugation (20 000 *g*, 10 min, 4°C). Protein content in the supernatant was measured using the Bradford assay (Biorad) and samples were separated on NuPage bis-tris 4--12% gels in MOPS buffer. Separated proteins were transferred to nitrocellulose membranes (Biorad). Membranes were blocked with phosphate-buffered saline-Tween (0.05%) and milk (5%). Primary antibodies were incubated overnight. Antibody Rb11 was generated by immunization of rabbits with a truncated FMRP protein corresponding to its C-terminal region, as previously described ([@B10]). Rb11 was used at the dilution of 1:500 for Western blot. Monoclonal 1C3 anti-FMRP antibody ([@B24]) was used at the dilution 1:1000; mouse polyclonal anti-FMRP 1R was used at the dilution 1:1000 ([@B11]). Anti PDE2A (Fabgennix, \# PD2A-101AP), PSD95 (Millipore, AB9708), Anti-rpS6 (Cell signaling Technology, 54D2) anti ß-Actin (Sigma, clone AC-74).

Cloning of cDNA fragments corresponding to FMRP binding sites {#SEC2-12}
-------------------------------------------------------------

We cloned fragments bound by FMRP. These fragments were cloned by PCR from mouse genomic DNA and inserted in the PmeI site of pSIcheck2 (Promega). The sequences of the various constructs were verified by Sanger sequencing on an Applied Biosystems 3130XL and are provided in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

Luciferase assays {#SEC2-13}
-----------------

STEK cells, expressing or not FMRP were seeded in 96-wells plates (20 000 cells/well) and were immediately transfected with pSi-check2-derived constructs using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Renilla and firefly activities were measured with the Dual-glo luciferase assay (Promega) using the Glomax 96-wells plate luminometer (Promega).

Probes, *smFISH* and image analysis {#SEC2-14}
-----------------------------------

smFISH primary probes and FLAPs (secondary fluorescent probes) were produced and purchased from Integrated DNA Technologies (IDT) as decribed ([@B25]). Three-dimensional image stacks were captured on a wide-field microscope (Zeiss Axioimager Z1/Apotome) equipped with a 63× objective and a CCD camera (Axiocam MRm 4), controlled with Metamorph (Molecular Devices). Spots in the Cy3 channels were detected in 3D stacks with Imaris (Bitplane) and categorized as being labeled. Spots were split into different branching surfaces drawn by Imaris software (filament) or into cell bodies surfaces.

Statistical analysis {#SEC2-15}
--------------------

Results are expressed as mean±SEM. All statistical analyses were based on biological replicates. Appropriate statistical tests used for each experiment are described in the corresponding figure legends or in the 'Materials and Methods' section for HITS-CLIP. All statistical analyses were carried out using the GraphPad Prism Version 6.0e.

RESULTS {#SEC3}
=======

FMRP target RNAs in different mouse brain areas {#SEC3-1}
-----------------------------------------------

We purified a new polyclonal antibody, Rb\#11 and showed that it efficiently pulls down FMRP and recognizes FMRP in Western blot ([Supplementary Figure S1A and B](#sup1){ref-type="supplementary-material"}). We then set up the CLIP conditions adapting a procedure from previous HITS-CLIP, PAR-CLIP and iCLIP assays ([@B8],[@B13],[@B16]). Specific brain regions (cortex, hippocampus and cerebellum) from Post Natal Day (PND) 13 male mice were grinded in liquid nitrogen into fine powder, UV crosslinked (lanes Ab- and XL), and proteins solubilized in NP40 buffer (Figure [1A](#F1){ref-type="fig"}). After RNaseI treatment, FMRP was immunoprecipitated and bound RNAs were radioactively labeled. Ribonucleoprotein complexes (RNPs) were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Radiolabeled RNPs were detected by autoradiography (Figure [1A](#F1){ref-type="fig"}, upper panel). The same membrane was subsequently analyzed by Western blot to detect FMRP (Figure [1A](#F1){ref-type="fig"}, bottom panel). We observed that an increased amount of FMRP/fragmented RNA complex is immunoprecipitated after cross-link (XL), compared to the no XL (XL-) condition (Figure [1A](#F1){ref-type="fig"})---an example using immunoprecipitated FMRP from cortex is shown), while no FMRP and FMRP-containing RNPs were detected in the control lane Ab- (without antibody). We selected a set of previously described target mRNAs of FMRP (*Grin2a, Map1b* and *Ppp2ca*) and some control RNAs (*Gapdh* and *Tbp*). In the absence of RNase treatment, we analyzed their relative enrichment by RT-qPCR in immunoprecipitated mRNAs from wild-type (WT) and compared them with immunoprecipitated mRNAs from *Fmr1*-KO cortices (Figure [1B](#F1){ref-type="fig"}), confirming the specificity of co-immunoprecipitated target mRNAs of FMRP. We then performed HITS-CLIP, sequenced co-immunoprecipitated cross-linked fragments. The size distribution of the mapped reads was consistent with a protection from RNAse degradation since we could observe reads longer than 40 nt (see an example [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). We repeated this assay twice for cerebellum, three times for cortex and four times for hippocampus. The correlation in the fragment counts per gene from replicate experiments showed the robustness of the experimental protocol ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}). We mapped 712 000 unique reads to the latest ref seq assembly (NCBI ftp web server ref10/2016). We used pyico clip ([@B17]) to identify FMRP binding sites, referred thereafter as peaks, resulting in the identification of 14 376 peaks corresponding to 4.174 RNA targets ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). A total of 288 of our hits overlap with deregulated synaptic proteins identified in the cortex of young *Fmr1*-null mice ([@B26]) (Figure [1C](#F1){ref-type="fig"}). Approximately one-fourth of the FMRP targets we identified were previously described as distantly transported RNAs in hippocampus neuropils of rats (Figure [1D](#F1){ref-type="fig"}) ([@B27]), which is consistent with the role of FMRP in RNA transport in specialized cells. Our target mRNA repertoire clearly shows some similarity with datasets obtained by other groups (Figure [1E](#F1){ref-type="fig"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) as it shares 680 hits with the list of FMRP target mRNAs associated with brain polyribosomes ([@B13]) and 2419 hits with the FMRP target list in Human Embryonic Kidney (HEK) 293 cells ([@B8]) (Figure [1E](#F1){ref-type="fig"}). Taking in consideration only those having at least 50 fragments (counts) co-immunoprecipitated with FMRP, we found a total of 1065 targets ([Supplementary Table S4](#sup1){ref-type="supplementary-material"} and Figure [1F](#F1){ref-type="fig"}), among them 872 are overlapping with previous studies (Figure [1F](#F1){ref-type="fig"}) ([@B8],[@B13]). Considering our most stringent analysis, we identified 192 new RNA targets of FMRP. Further strengthening the interest of a tissue-specific CLIP approach, 80 these new targets were found specifically in the cerebellum and 36 in the hippocampus. To identify signaling pathways regulated by FMRP in the brain, we performed Gene Ontology analysis of its target RNAs in the cortex, hippocampus and cerebellum using Ingenuity Pathway Analysis (IPA) by considering the most restricted number of targets ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Even if most of these mRNAs are common to the various brain areas (Figure [1G](#F1){ref-type="fig"}), specific pathways are regulated in each brain region (Figure [1H](#F1){ref-type="fig"} and [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). We also took advantage of the recent publication of single-cell transcriptomic datasets and compared our dataset with the recent single cell transcriptomic analysis in the somatosensory cortex and the hippocampus ([@B21]) and observed that FMRP target RNAs are mostly expressed in neuronal cells (interneurons and pyramidal cells) in the cortex and the hippocampus ([Supplementary Figure S2A and B](#sup1){ref-type="supplementary-material"}). Cumulative Distribution analysis shows that mRNA targets carrying a G-4 forming motif, or encoded by autism-related genes (autismdb; <https://gene.sfari.org/autdb/Welcome.do>) are amongst the best targets of FMRP (Figure [2A](#F2){ref-type="fig"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Target mRNAs harboring at least one peak are also enriched in the immuno-precipitated material compared to those devoid of any FMRP binding site (Figure [2A](#F2){ref-type="fig"}).

![Identification of mRNA targets of FMRP. (**A**) Upper panel: audioradiography of immunoprecipitated UV-crosslinked RNPs from 13 PND male mouse brain cortex extracts after separation on a SDS-PAGE gel and then transferred onto a nitrocellulose membrane. Ab-: immunoprecipitation in the absence of the polyclonal anti-FMRP antibody Rb\#11; XL-: Immunoprecipitation in the presence of Rb\#11, but without UV-crosslink; XL: Immunoprecipitation in the presence of both Rb\#11 and UV cross-link. Bottom panel: the presence of FMRP on the nitrocellulose membrane was revealed by immunoblot using the monoclonal anti-FMRP 1R antibody. On the left, the apparent molecular weights (kDa) of proteins and RNPs are indicated. On the right, the presence of RNPs coimmunoprecipitated with FMRP in a dose-dependent manner but absent in the control lane (Ab-) is indicated by a vertical line. (**B**) Levels of RNA targets co-immunoprecipitated with FMRP were measured by qRT-PCR. *Grin2a, Map1b, Ppp2ca*, were the positive controls of this CLIP and showed a significant enrichment according to one sample *t*-test. *Gapdh* and *Tbp*, two RNA that are not targeted by FMRP were used as negative controls. (**C--E**) Schematic representation of the shared identified FMRP targets between our HITS-CLIP dataset and (C) proteins that were previously described to be differentially localized in cortical synaptosomes between WT and *Fmr1*-KO mice and (D) mRNAs localized at the neuropil of rat CA1. (E) FMRP targets previously identified by CLIP analysis using polyribosome-associated RNAs and RNAs obtained by HEK-293 cells expressing an inducible and tagged FMRP. (**F**) Schematic representation of the shared identified FMRP targets between our HITS-CLIP restricted (only 50 counts) dataset and FMRP targets previously identified by CLIP analysis using polyribosome-associated RNAs and RNAs obtained by HEK-293 cells expressing an inducible and tagged FMRP. (**G**) Schematic representation of shared FMRP targets (restricted dataset) in the cortex (CX), hippocampus (HC) and cerebellum (CB). (**H**) Schematic representation of shared regulated pathways identified by Ingenuity Pathways analysis of FMRP targets in the cortex (CX), hippocampus (HC) and cerebellum (CB). See [Supplementary Table S5](#sup1){ref-type="supplementary-material"} for details.](gky267fig1){#F1}

![Preferred motifs bound by FMRP. (**A**) Cumulative distribution of counts in immuno-precipitated transcripts. RNAs harboring one binding FMRP binding site, RNAs from SFARI database (07/2016) and predicted G-4-containing transcripts are enriched in the immuno-precipitated material. Genes that are not conserved across species and the RNA that were not detected in the IP were removed from the analysis. (**B**) RNAs from FMRP bound regions in *Calm1, Pscdh9* and *Map2* were produced and folded *in vitro* in the presence of K+ (red line) or Li+ ions (blue line). G-4 forming structures were mapped by fluorescent primer extension, fragments were separated by capillary electrophoresis and signals processed with QuShape ([@B20]). The sharp increase of the red over the blue signal highlights strong RT-stops in the presence of K+ ion. (**C**) DREME analysis of FMRP binding sites in its target mRNAs shows a significant enrichment for the CTGKA (*E*-value = 7.7e^−40^); GCTGYY (*E*-value = 9.4e^−28^); GWRGA (*E*-value = 2.4e^−25^); CATCRYC (*E*-value = 1.9e^−17^) and TAY (*E*-value = 2.0e^−16^) motifs. (**D**) FMRP recognizes unpaired motifs presented in stem-loop structures. Each nucleotide of a given transcript containing an FMRP binding site was attributed a Watson--Crick pairing score according to the Guo and Bartel dataset ([@B18]). Scores were computed for each motif when present in a FMRP binding site or outside in the corresponding transcript. Results are presented as mean ± SEM. Statistical significance was assessed by the Wilcoxon matched-pairs signed rank test; n.s.: not significant; \*\**P* \< 0.005; \*\*\**P* \< 0.0005; \*\*\*\**P* \< 0.0001. (**E**) FMRP binds preferentially to coding sequences enriched in GAC codon. The ribosome pause score is computed based on the read coverage of each codon and normalized to its frequency in the ORF considering the expression and length of the ORF.](gky267fig2){#F2}

Motifs bound by FMRP {#SEC3-2}
--------------------

Consistent with previous studies we found that FMRP mostly binds cds regions of mRNA (59--68% of our identified FMRP binding sites) and 25--37% of FMRP binding sites are present in the 3′UTRs ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Interestingly, one of the peaks overlaps with the *Fmr1* G-4-forming structure, a site that has been described previously as bound by FMRP ([@B19]). We thus analyzed the folding of the peaks sequences with RNA fold ([@B28]) and identified 208 peaks overlapping strong RT-stop regions described in Guo *et al.*, ([@B18]). We could also identify 149 G-4-forming structures, according to RNAfold ([@B28]), that are strikingly enriched in the CLIPed RNA (Figure [2A](#F2){ref-type="fig"}). These RNA structures were predominantly located in cds sequences (49.7%) of FMRP target mRNA, but G-4 are strikingly more abundant in 5′UTR compared to the other motifs we identified (23.5 versus 4.5--13%) ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). We validated *in vitro* the presence of G-4 forming structure in three of them (*Calm1, Pcdh9* and *Map2*) by fluorescent primer extension (Figure [2B](#F2){ref-type="fig"}).

We studied the peak sequences of the three analyzed tissues with DREME ([@B29]) and we identified a consensus CTGKA-based motif (Figure [2C](#F2){ref-type="fig"}), and other less prominent motifs (Figure [2C](#F2){ref-type="fig"}). Taking advantage of the recent structure-seq dataset in mouse embryonic stem cells ([@B18]) we could assess whether the motifs that we identified were engaged in Watson-crick pairing *in vivo*. Our analysis clearly shows that the CTGKA, the GWRGA and the TAY motifs present in FMRP binding sites are more accessible to DMS modification *in vivo* (Figure [2D](#F2){ref-type="fig"}) and *in vitro* (not shown) than the unbound cognate motifs present in the same transcripts. This shows that FMRP recognizes motifs that are presented in single stranded regions or loop sequences of stem loop structures, suggesting a combinatorial RNA binding modality by FMRP through both structure and sequence recognition (Figure [2D](#F2){ref-type="fig"}).

It was proposed that FMRP could stall ribosomes onto mRNA thereby reducing the translation of its targets ([@B13]). We reasoned that FMRP could achieve such an effect by binding to specific mRNA regions that contain sequences or structures that slow down ribosome progression. We computed a ribosome pause score based on the read coverage of each codon, normalized to its frequency in the ORF also considering the expression and length of the ORF. Our approach therefore computes FMRP binding on codons based on the context sequence and expression of the different ORFs. Our results show that while GC rich codons are underrepresented from these sequences the GAC codon is strikingly enriched in FMRP binding sites (Figure [2E](#F2){ref-type="fig"}). This latter observation is consistent with a recent report ([@B30]). However, to our knowledge, the GAC codon has not been shown to interfere with ribosome elongation speed.

*Pde2a* mRNA is a prominent target of FMRP {#SEC3-3}
------------------------------------------

We tested by RT-qPCR the enrichment of prominent CLIPed RNAs (*Pde2a, Cacna1a, Atp2b2, Grm4, Grik5, Shank1* and *Mef2c*) in addition to four positive controls (*Grin2a, Map1b, Ppp2ca* and *Sapap3*: RNAs that have been previously indicated as targets of FMRP) and three negative controls (*P0, Gapdh* and *Tbp*) (Figure [3](#F3){ref-type="fig"}) and we confirmed the results of CLIP. We sub-cloned in the 3′UTR of the luciferase reporter gene the peak sequence bound by FMRP in some of the best targets we identified and we transfected cell lines expressing or not *Fmr1* mRNA. As shown in Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}, all the best motifs bound by FMRP behave by repressing the translation in the presence of FMRP. Indeed, in the absence of FMRP the activity of luciferase is increased when its mRNA is bound to one of the motifs we identified (Figure [4A](#F4){ref-type="fig"}). We could also verify by RT-qPCR that the relative levels of expression of the Renilla luciferase mRNA of each construct were identical in the presence and in the absence of FMRP (not shown) when compared to the levels of the Firefly luciferase mRNA. The results we found using a reporter protein are consistent with the data of synaptic expression of the protein considered ([@B26]). For instance, PDE2A is overexpressed in the *Fmr1*-null cortical synapses of young mice \[([@B26]) and Figure [5](#F5){ref-type="fig"}\] while the levels of Adenylate cyclase 1 are not different in the presence or in the absence of FMRP in the same extracts, even if its coding mRNA is bound by this protein. Suggesting that FMRP may modulate the metabolism of this mRNA in a step other than translation. We found that the *Pde2a* mRNA was the most enriched among the mRNAs co-immunoprecipitated with FMRP in cortex (Figure [3](#F3){ref-type="fig"}) and hippocampus (not shown). PDE2A is a phosphodiesterase involved in cAMP and cGMP degradation in various tissues including the brain ([@B31]). Interestingly, many of the pathways most represented in our IPA analysis are directly connected to cAMP/cGMP signaling and involve PDE2A ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). These findings suggest that the *Pde2a* mRNA is a crucial target of FMRP and may be involved in the physiopathology of FXS. While findings obtained using various approaches ([@B34]) highlight the presynaptic localization of PDE2A, we found that PDE2A is also post-synaptically located and partially co-localizes with PSD95 in dendritic spines of 17-day *in vitro* cultured cortical neurons ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). Furthermore, levels of *Pde2a* mRNA in cultured primary cortical neurons are increased *in vitro* upon neuron development ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). High-throughput sequencing showed that *Pde2a* mRNA levels are similar in the cortex of 13-day-old *Fmr1*-KO and WT mice ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}) and, even if other PDEs are expressed in this brain area, *Pde2a* mRNA levels are the highest ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). An increased abundance of PDE2A was reported in synaptosomes prepared from the brain of mice at 17 days of age, but not at the adult age ([@B26]). Consistent with these results, we found that PDE2A protein levels are increased in highly purified synaptosomal fractions obtained from cortices and hippocampi of 13-day-old *Fmr1*-null mice compared with WT animals (Figure [5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}). These data, together with the findings reported in Figure [4](#F4){ref-type="fig"}, suggested that FMRP negatively modulates the translation of the *Pde2a* mRNA. We thus carried out polyribosome fractionation on cortical extracts from 13-day-old WT and *Fmr1*-KO (Figure [5C](#F5){ref-type="fig"}) and measured *Pde2a* mRNA levels by RT-qPCR in pooled fractions (Figure [5D](#F5){ref-type="fig"}). We showed that, compared to WT cortical tissue, *Pde2a* mRNA is more abundantly associated with polyribosomes obtained from *Fmr1*-KO tissue. This result is consistent with an upregulated translation of this mRNA in the absence of FMRP. We assumed that a similar mechanism of FMRP-dependent regulation occurs in the hippocampus, since PDE2A levels are increased in *Fmr1*-KO hippocampi. To assess the implication of FMRP in the dendritic transport, the level of the *Pde2a* mRNA was measured by smFISH ([@B38]) both in WT and *Fmr1*-KO primary cortical neurons at 17 days *in vitro*. Compared to WT, the abundance of *Pde2a* mRNA was higher in neurites of *Fmr*1-KO neurons (Figure [5E](#F5){ref-type="fig"}--[F](#F5){ref-type="fig"}) while no difference was observed in the soma (not shown). Collectively, these results strongly suggest that FMRP negatively modulates the translation of the *Pde2a* mRNA as well as its axonal/dendritic transport. An increased level of PDE2A is predicted to impact on the intracellular amount of cAMP and cGMP both in cortex and hippocampus.

![Validation of target mRNAs of FMRP. FMRP was immunoprecipitated from two independent UV-crosslinked assays. FMRP-associated RNAs were quantified by RT-qPCR. All RNAs except *P0, Gapdh and Tbp* (these mRNAs are not a target of FMRP) showed a significant enrichment according to one sample *t*-test.](gky267fig3){#F3}

![Role of RNA motifs bound by FMRP in translational regulation. (**A**) Influence of FMRP on luciferase reporter gene assay bearing motifs bound by FMRP or an unrelated control. pSI-CHECK-2 plasmids expressing Renilla carrying the various peak sequences in its' 3′-UTR were transfected in STEK cells expressing or not FMRP. At least three-independent experiments with two biological replicates, for each transfection were quantified. For each transfection Renilla luciferase activity was normalized with Firefly luciferase activity. Ratios for all conditions were divided by the mean of the ratio measured for the empty vector (pSI-CHECK-2). Results are presented as the mean ±SEM (*t*-test, \**P* \< 0.05). Empty vector and pSI-CHECK-2 carrying a sequence not bound by FMRP are named 'controls'. (**B**) Summary Table reporting the motifs present in the various sequence analyzed.](gky267fig4){#F4}

![Characterization of Pde2A mRNA as predominant target of FMRP. (**A**) Synaptoneurosomes from 13 days old WT and *Fmr1*-KO cortices and (**B**) hippocampi were purified and proteins extracted as described in the 'Material and Methods' section. The presence of FMRP and PDE2A was revealed by western blot. Upper panels/representative western-blot of FMRP, PDE2A and β-Actin protein levels in synaptosomal extracts from cortex (**A**) and hippocampus (**B**). Densitometric quantification of immunoblots reveal that the absence of FMRP (KO) leads to a significant increase in PDE2A protein levels relative to controls (WT). Data are presented as mean ± SEM of *n* = 4 independent samples (Mann--Whitney test \* *P* \< 0.05). (**C**) Cortical protein extracts from PND 13 WT and *Fmr1*-KO male mice were analyzed by sedimentation velocity through a 20--50% sucrose gradient. Fifteen fractions were generated. The integrity and distribution of polyribosomes were based on the 254 nm UV profile (in the lower panel representative profiles of two sucrose gradients preparations from WT and *Fmr1*-KO cortices, respectively, are shown). The distribution of polyribosomes was also verified by the presence of ribosomal protein S6 (rpS6), a core protein of the small ribosomal subunit. The presence of rpS6 and FMRP in the various fractions was detected by immunoblot (top panels) using specific antibodies for these two proteins. The name of the protein is indicated on the left while the molecular weight is indicated on the right of each immunoblot. RNAs purified from the indicated fractions were pooled and the abundance of *Pde2a* mRNA measured by qRT-PCR. (**D**) Fold changes in *Tbp* or *Pde2a* mRNA levels in the pooled fractions were measured as described in the 'Materials and Methods' section. Mean ± SEM from three independent experiments (three WT and three *Fmr1*-KO brain were used) are shown. One sample *t*-test was performed for each mRNA in the pooled fractions, \**P* \< 0.05 (**E**) Left panels: representative pictures of cells expressing the *Pde2a* mRNA detected by smFISH in WT and *Fmr1*-KO cultured cortical neurons. Scale bar: 50 μm. Images of cell bodies and dendrites boxed in this panel are enlarged (zoom 900×) in middle and right panels, respectively. Each dot corresponds to a single RNA molecule. White arrows indicate examples of individual mRNA molecules. (**F**) Number of transported mRNAs (spots) localized in the distal segment of dendrites of 17 days *in vitro* WT (*n* = 44) or *Fmr1*-KO (*n* = 60) neurons. Mean ± SEM is shown. Statistical significance was calculated using the unpaired *t*-test, \*\*\**P* \< 0.0005.](gky267fig5){#F5}

DISCUSSION {#SEC4}
==========

Despite a wealth of research on FXS, the mechanistic action of FMRP (e.g. the RNA motifs that are targeted and the functional role of FMRP/RNA interaction) remains unclear and a specific and effective therapy for FXS is not yet available. With the purpose of addressing both of these issues, we define here a set of mRNA targets of FMRP at a critical step of postnatal development of the brain. We performed HITS-CLIP in mouse cerebellum, hippocampus and cortex at PND 13, when FMRP is most highly expressed ([@B10],[@B11]) and the number of synapses reaches the highest level ([@B12]). We identified the largest set of FMRP mRNA targets in the mouse brain to date, including 1610 new targets, 57 of which have been previously linked to autism (SFARI list). Considering a restricted list of targets harboring at least 50 counts in the immunoprecipitated material from each tissue, we identified 193 new targets, 80 of which were found in the cerebellum IP and 36 in the hippocampus further illustrating the need to perform tissue-restricted CLIP analysis to identify a comprehensive set of FMRP RNA targets.

Indeed, another study considered only FMRP targets associated to polyribosomes ([@B13]), while we immunoprecipitated FMRP from various subcellular localizations. This confirms that FMRP is involved in functions other than translational regulation and suggests that this protein interacts with different RNAs at different steps of their metabolism. Indeed, we show here that FMRP negatively modulates both translation and transport of the *Pde2a* mRNA at the synapse. Overall, we identified fewer RNA targets than Ascano *et al.* ([@B8]) but their study used overexpression of FMRP in a cell line also expressing endogenous FMRP ([@B8]), overexpression that could have biased the mRNA binding repertoire of FMRP. Furthermore, even if HEK share a large proportion of their transcriptome with the brain tissue, the authors have probably identified RNA targets of FMRP that are not neuronally expressed.

Molecular bases of FMRP/RNA interaction {#SEC4-1}
---------------------------------------

The ACUK/WGGA motif ([@B8]) was previously shown to be necessary (at least in HEK cells) but not sufficient to mediate FMRP/RNA interaction ([@B1],[@B39],[@B40]). Our dataset shows an enrichment of G-4-forming structures in FMRP-bound RNA fragments, which further confirms the role of G-4 in mediating FMRP/RNA interaction. However, as now clearly established, not all FMRP mRNA targets harbor this motif ([@B41]). Indeed, we identified here a novel and very significantly enriched consensus motif (CTGKA) bound by FMRP, suggesting that we defined the prominent RNA motif driving FMRP-dependent translation modulation in brain. Among the less prominent motifs we found, two of them (TAY and GWRGA) are very similar to those identified by another study ([@B30]) combining results from the two previous CLIP assays ([@B8],[@B13]). However, the other motifs we found appear specific to our study, suggesting that our approach (in different brain areas), combined with an antibody efficiently precipitating FMRP, allowed the identification not only of new targets (see later) but also of new binding-motifs. All the motifs (alone or in combination) are able to negatively modulate FMRP-driven translational regulation consistent with the well-established function of FMRP as a repressor of translation, even if some exceptions have been described ([@B9],[@B23],[@B42]). The fact that we found that some RNA regions bound by FMRP do not have an impact on the FMRP-translational modulation (Figure [4A](#F4){ref-type="fig"}) suggests that their interaction with FMRP mediate a function other than translation regulation. Alternatively, additional co-factors are needed to achieve such a regulation in a given cell type or in a spatio/temporal control. In other cases, the reasons could be more complexes and suggest an implication of FMRP in large number of regulation of RNA metabolism, not only including intracellular transport but possibly an implication in RNA folding and/or RNPs assembly. Also, the sequences we---and others---found are relatively short and this strongly indicate that their location in a special structural context is crucial for FMRP recognition, as we have already suggested ([@B39]). This suggestion is now validated by showing that three of the motifs bound by FMRP in brain, (CTGKA, GWRGA, TAY) are recognized in the context of a single strand RNA region (likely a loop structure). Interestingly, Taliaferro *et al.* recently showed that the structural context in which a given sequence motif is crucial for the specificity of binding of the cognate RNA-binding protein ([@B43]). Similar studies will be needed to decipher the determinants of this structural context that modulate FMRP binding onto its target sequences. The combinatorial recognition of its target sequence by FMRP may be explained by the presence of multiple RNA binding domains in this protein. On one hand, the RGG-box was already shown to recognize several structures and a combined sequence/structure ([@B7],[@B15],[@B23],[@B44]) and, on the other hand, the KH2 domain was shown to recognize a complex structure, the kissing complex, ([@B45]). Even if a pathological mutation in the KH2 (e.g. I304N) does not prevent the ability of this protein to bind RNA ([@B7]), this mutant FMRP is not associated to polyribosomes, is localized in small RNAse-resistant RNPs ([@B46]) and impacts the size and number of RNA granules ([@B47],[@B48]). Furthermore, deletion of the RGG box resulted in a less efficient association to polyribosomes ([@B49]). Collectively, these findings suggest that, even if these two RNA binding domains can act in a modular manner, the precise recognition of the mRNA targets and their integration of functional RNPs depends on the integrity of both RNA-binding domains.

By analyzing the codon composition of FMRP binding sites in coding sequences we showed that, intriguingly, the GAC codon is overrepresented and GC-rich codons are underrepresented in these sequences. The GAC codon is not particularly rare and its corresponding tRNA has an average level of expression. We believe that this further argues in favor of the requirement of a structural motif (i.e. a sequence presented in a structure context) bound by FMRP. In addition to the presence of RNA motifs and its surrounding sequences, the specificity of binding of this protein might imply the action of FMRP-interacting proteins that are components of FMRP-containing RNPs and that can interfere (compete/cooperate/prevent) with the function of FMRP. In this context, we can only argue that to assess the functional significance of the FMRP/target interaction and the molecular role of RNA target encoded proteins in the physiopathology of FXS, the critical targets of FMRP must be studied individually in the appropriate cellular context. Indeed, FMRP may play crucial regulatory roles in the metabolism of cell-specific transcripts even in cell types where it is not highly expressed. For this reason, we studied the cell origin of FMRP targets. Some of these previously overlooked targets include *Slc1a2* in astrocytes/ependymal cells, *Mef2c* in pyramidal cells from CA1, *Scd2* and *Marcks* in oligodendrocytes, and *Rapgef4* in endothelial mural cells. These results also suggest the functional importance of FMRP in glia, even if in these cells its expression is lower than in pyramidal neurons. Moreover, it is interesting that some FMRP RNA targets are particularly abundant in a given tissue, such as *Grm4, Fat2* or *Unc5C* that are specific to the cerebellum, *Camk2a, Kif5a* and *Agap2* that are more enriched in immunoprecipitations from hippocampi, or *Calm1* and *Enc1* that are more enriched in IPs from cortex. *Pde2a* is only bound by FMRP in cortex and hippocampus ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Considering that the role of FMRP in the various steps of RNA metabolism is modulated through the presence of its interacting partners, as we have previously shown ([@B23],[@B43]), we strongly believe that our results are critical to unravel cell-dependent FMRP regulations. In conclusion, we can predict that the functional relevance of each target can be studied individually. A similar approach was used to understand the role of the RNA G-4 in the molecular bases of FXS. This motif has been shown to modulate the FMRP-dependent translation ([@B39],[@B41]) but not FMRP-dependent dendritic transport ([@B50]). Conversely, the complex with FXR1P (paralog of FMRP)/G-4 has also been involved in the control of RNA stability ([@B51]).

Identification of mRNAs target of FMRP critical for FXS physiopathology {#SEC4-2}
-----------------------------------------------------------------------

Our approach allowed us to define the role of FMRP in various brain areas by investigating its implication in the regulation of mRNAs expressed in specific brain regions. A large overlap is observed between FMRP targets in cortex and in hippocampus, while targets from cerebellum appear more divergent. However, specific targets for each analyzed area have been found and these identifications could be possible only by the 'regionalized' approach. Gene Ontology analysis allowed to point out that FMRP targets several pathways in the brain like CREB signaling in neurons ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}), axonal guidance, RAR activation, Rac signaling, regulation of p70s6k signaling and synaptic long-term depression and long-term potentiation. Of particular interest is the specificity of the G*a*i signaling in the hippocampus as well as the iNos and Tgf-ß signaling in the cortex. In addition, our analysis also pointed out that cAMP/cGMP is one the most prominent deregulated pathways in the *Fmr1*-KO mouse brain and that the *Pde2a* mRNA is one prominent target of FMRP. We show here that in the absence of FMRP the level of PDE2A is elevated both in cortex and hippocampus, implying a reduced level of cAMP and cGMP in those brain areas in *Fmr1-*null mice. Indeed, the PDE2A enzyme is involved in cGMP-dependent degradation of both cAMP and cGMP, two second messengers at the crossroad of many signaling pathways which modulate a large array of intracellular processes in neurons strongly impacting memory and cognition ([@B52]). In neurons, PDE2A is mainly synaptic and exerts both pre- and post-synaptic functions \[this study and ([@B37])\] being involved in synaptogenesis ([@B53]) and synaptic plasticity ([@B37],[@B54]). All these considerations suggest that this protein is a putative therapeutic target for an effective treatment of FXS.

We focused here on *Pde2a* mRNA, a mRNA target of FMRP in hippocampus and cortex, two brain areas whose dysfunction is most likely causative to cognitive and behavior deficits in FXS. However, we would like to underline that it is known that altered cerebellum volume and connectivity are associated with etiology of Autism Spectrum Disorder (ASD) ([@B55],[@B56]). However, specific cerebellar pathways involved in those pathophysiological mechanisms are poorly described. Thus, our analysis of the FMRP targets in this tissue may help in revealing them. For instance, the implication and regulation of (Estrogen Receptor) *Erb2* and *Erb3* by FMRP is very intriguing and, if extended to ASD, could provide a molecular clue to explain the 1 to 4 ratio between female and male ASD patients ([@B57]). In addition, for instance, one of the pathways specifically modulated by FMRP in cerebellum is the GDNF (Glial Cell Line-derived Neurotrophic Factor) that has been recently associated to normal cerebellar motor learning ([@B58]). In conclusion, all these pathways may contribute to cellular and/or behavioral phenotypes of FXS.
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